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The electrostatic coupling between singled-walled carbon nanotube (SWNT) networks/arrays and
planar gate electrodes in thin-film transistors (TFTs) is analyzed both in the quantum limit with an
analytical model and in the classical limit with finite-element modeling. The computed capacitance
depends on both the thickness of the gate dielectric and the average spacing between the tubes,
with some dependence on the distribution of these spacings. Experiments on transistors that use
sub-monolayer, random networks of SWNTs verify certain aspects of these calculations. The results
are important for the development of networks or arrays of nanotubes as active layers in TFTs and
other electronic devices.
Single-walled carbon nanotube (SWNT) net-
works/arrays show great promise as active layers
in thin-film transistors (TFTs).[1] Considerable progress
has been made in the last couple of years to improve
their performance, and to integrate them with various
substrates, including flexible plastics.[2, 3] Nevertheless,
the understanding the physics of the electrostatic cou-
pling between SWNT networks/arrays and the planar
gate electrode, which is critical to device operation and
can be much different than that in conventional TFTs,
is not well established. The simplest procedure, which
has been used in many reports of SWNT TFTs, is to
treat the coupling as that of a parallel plate capacitor,
for which the gate capacitance, Ci, is given by ǫ/4πd,
where ǫ and d are the dielectric constant and the
thickness of gate dielectric, respectively. This procedure
enables a useful approximate evaluation of device level
performance,[4, 5, 6] but it is quantitatively incorrect
especially when the average spacing between SWNTs
is large compared to the thickness of the dielectric.[7]
Since Ci critically determines many aspects of device
operation, accurate knowledge of this parameter is
important both for device optimizing device designs and
for understanding basic transport mechanisms in the
SWNT networks/arrays.
In this letter, we use a model system, illustrated in
Fig. 1, consisting of a parallel array of evenly spaced
SWNTs fully embedded in a gate dielectric with a planar
gate electrode to examine capacitive coupling in SWNT
TFTs. The influence of nonuniform intertube spacings is
also evaluated to show the applicability of those results
to real devices. Results obtained in the single subband
quantum limit and those obtained in the classical limit
agree qualitatively in the range of dielectric thicknesses
and tube densities (as measured in number of tubes per
unit length) explored here. The models are used to pro-
vide insights into factors that limit the effective mobilities
(µ) achievable in these devices.
We begin by calculating Ci of the model system in the
quantum limit, where the charge density of the SWNT
in the ground state has full circular symmetry.[8] In this
case, the charge distributes itself uniformly around the
tube, and each tube, when tuned to the metallic region,
can be treated as a perfectly conducting wire with radius
R and uniform linear charge density ρ. The electrostatic
potential induced by such a perfect conducting wire is:
φ(r) = 2ρ log(R/r) where r is the distance away from the
center of the wire. The potential generated by an array
of such wires is also a linear function of r and in general,
the induced potential at the i-th tube depends on ρ of
every tube in array according to
φind ([ρj ]) =
∑
j
C−1ij ρj (1)
where coefficients of inductive coupling between i-th and
j-th tube C−1ij are geometry dependent.[9]
For SWNTs in the metallic regime, ρ is proportional
to the shift of the Fermi level which is itself proportional
to an average acting potential at the nanotube according
to:
ρ = −CQφ
act = −CQ
(
φxt + φind
)
(2)
where the proportionality coefficient is the quantum ca-
pacitance CQ.[8, 10, 11] This equation is written to sep-
arate contributions from the external potential, φxt, as
applied by distant electrodes and as generated by any
other external source associated with charge traps, inter-
face states, etc, and the induced potential, φind, as given
by Eq. (1).
2For the case of a SWNT TFT device, we are inter-
ested in a solution that corresponds to the case of a
uniform φxt: φxti = φ, ρi = ρ. Thus, ρ is the
same for each tube in the array and can be written as:
ρ = −CQ(φ +
∑
n C
−1
n ρ) where C
−1
n is the reciprocal
geometric capacitance between a single tube and its n-
th neighbor in the given array geometry. The total in-
duced potential is φind = ρ
∑
j C
−1
ij and the total recip-
rocal capacitance of the tube is the sum of all C−1n plus
C−1Q . The exact analytical expressions for C
−1
n and the
sum C−1
∞
=
∑
n C
−1
n for each tube in a regular array of
SWNTs separated by the distance Λ0 can be derived as,
C−1
∞
=
1
ǫ
(
2 log
2d
R
+ 2
∞∑
n=1
log
Λ2n + (2d)
2
Λ2n
)
=
(
2
ǫ
log
Λ0
R
sinh(π2d/Λ0
π
)
(3)
where Λn is the distance between a given tube and its
n-th neighbor. To apply this result to the problem of
SWNT TFT we calculate the total charge per unit area
induced in the array under φ:
Ci =
Q
φS
=
ρ
φΛ0
=
1
Λ0
(
C−1Q +
∞∑
n=1
C−1n
)
−1
=
{
2
ǫ
log
[
Λ0
R
sinh(π2d/Λ0
π
]
+ C−1Q
}
Λ−1
0
(4)
C∞ and Ci depends on two characteristic lengths: x =
2πd/Λ0, which defines the inter-tube coupling, and 2d/R,
which defines the coupling of a single tube to the gate.
The physics of Ci coupling is clearly different for two
different regimes determined by x (assuming that R is
always the smallest quantity). In the limit x ≪ 1 (i.e.
sparse tube density) the planar gate contribution domi-
nates, sinhx ∼ x, and C∞ reduces to that for a single,
isolated tube. Ci is approximately equal to the prod-
uct of the capacitance of a transistor that uses a single
isolated SWNT with the number of tubes per screening
length Λ0. In the opposite limit, x ≫ 1, Ci approaches
that of a parallel plate primarily due to the higher sur-
face coverage of tubes. Meanwhile, C∞ decreases due
to the screening by neighboring tubes. To compare the
performance of SWNT network/array based TFTs with
that of conventional TFTs that uses continuous, planar
channels, we calculate the ratio of the capacitance of the
SWNT-array to that of a parallel plate (Fig. 2). This
capacitance ratio, Ξ, is close to unity for x≫ 1:
Ξ = 1−
Λ0
2dπ
ǫ
2
(
C−1 + C +Q−1 − log 2
)
+ . . . ≃ 1 (5)
where C−1 = (2 log(2d/R))/ǫ is the single tube capaci-
tance. The term in parenthesis is multiplied by the in-
verse tube density 1/x = Λ0/2πd and is, therefore, neg-
ligible when the Λ0 becomes much smaller than d. For
x≪ 1, in the opposite limit, Ξ is small and grows linearly
with d as given by: Ξ = 2dπ
Λ0
2
ǫ
(
C−1 + C−1Q
)
+ . . ..
To verify certain aspects of these calculations, we per-
formed finite-element-method (FEM) electrostatic simu-
lations (FEMLab, Comsol, Inc) to determine the classi-
cal Ci of the same model system, in which the induced
charge distributes itself to establish an equal potential
over the nanotubes. In these calculations, R was set
to 0.7 nm, which corresponds to the average radius of
SWNTs formed by chemical vapor deposition.[12] We
chose ǫr = 4.0. The computations, shown in Fig. 2,
agree qualitatively with those determined by Eq. 4, with
deviations that are most significant at small gate dielec-
tric thicknesses where quantum effects are significant.
In experimentally achievable SWNT TFTs, the
SWNTs are not spaced equally and, except in certain
cases, they are completely disordered in the form of ran-
dom networks.[5, 13] To estimate qualitatively the influ-
ence of uneven spacings, we constructed an array com-
posed of five hundred parallel SWNTs with a normal
distribution of Λ0 = 100 ± 40 nm (Fig. 3a inset). Ci
was calculated by inverting the matrix of potential co-
efficients (Eq. 1). The small difference of computed
capacitances (∆C) indicates that Eq.4 can be used for
aligned arrays with uneven spacings, and perhaps even
random SWNT networks (Fig. 3). Another experimen-
tal fact is that most SWNT TFTs are constructed in the
bottom-gate structure where nanotubes are in an equi-
librium distance above the gate dielectric, ∼ 4A˚,[14] due
to van der Waals interactions. To account for the effect
of low ǫ air medium on Ci, we performed the FEM simu-
lation for nanotube arrays either fully embedded in gate
dielectric or fully exposed in the air. Comparing the ca-
pacitances in these two cases shows that the low ǫ air
medium has most significant influence on those systems
that use high ǫ dielectrics because of the higher dielec-
tric contrast. Moreover, at x ≪ 1 the effect of the air
on SWNT arrays is close to results obtained for devices
based on individual tubes (Fig.3 b).[15] However, with
increasing x, the screening between neighboring tubes
forces electric field lines to terminate on the bottom of
nanotubes without fringing through the air and thus the
air effect diminishes.
To explore these effects experimentally, we built TFTs
that used random networks of SWNT with fixed 1/Λ0
(approximately 10 tubes/micron, as evaluated by AFM)
and different d. Details on the device fabrication can
be found elsewhere.[16] For the range of Λ0 and d here
the difference in Ci that results from the air effect is
less than 20%, smaller than the experimental error in
determining transconductance (gm). So, Eq.4 gives suf-
ficiently accurate estimation of Ci. Figure 4a shows the
transfer curves of SWNT TFTs. Figure 4c compares ef-
fective mobilites calculated using Ci derived from parallel
plate model (µp) to those that from Eq.4 (µ). Consistent
3with the previous discussion, the parallel-plate capacitor
model overestimates Ci significantly for low tube densi-
ties/thin dielectrics. As a result, the effective mobilities
calculated in this manner (µp) have an apparent linear
dependence on d that derives from inaccurate values for
Ci. On the other hand, effective mobilities calculated us-
ing Eq.4 (µ) show no systematic change with d, which
provides a validation of the model.
The computed capacitances also reveal two important
guidelines for the development of SWNT TFTs. First,
Eq.3 and Eq.4, indicate that the effective µ should be
close to the intrinsic mobility of SWNTs (µpertube) if the
contact resistance is neglected since
µ =
L
WCiVDS
∣∣∣∣ ∂IDS∂VGS
∣∣∣∣ =
(
C−1
∞
+ C−1Q
)
L
VDS
∣∣∣∣∂IDS/N∂VGS
∣∣∣∣ ≃ µpertube
(6)
where N is the total number of effective pathways, con-
necting source/drain electrodes. µ can be a little smaller
than µpertube because the actual length of effective path-
way is longer than L. The huge difference between µ of
devices based on SWNT films[5, 6, 13] and µpertube ex-
tracted from those FETs based on individual tubes[17]
suggests that the tube/tube contacts severely limit the
transport in SWNT networks or partially aligned arrays,
either due to tunneling barrier or electrostatic screening
at the contact which prevents the effective gate modu-
lation at that specific point.[18] Secondly, efforts on im-
proving gm through increasing tube density for a given
device geometry and VDS are limited by d. From Fig. 2a
we can see that at given d, when x ≪ 1, Ci, and thus
gm increases with the increase of tube density. However,
when x ≫ 1, Ci saturates and gm no longer increases
with decreasing Λ0. This prediction was verified by the
almost identical gm for devices with different tube densi-
ties on thick gate dielectric (Fig. 4b).
In summary, we evaluated Ci of SWNT TFTs. Our
analysis shows that the best electrostatic coupling be-
tween the gate and the SWNT occurs in dense arrays of
tubes, but advantage gained in Ci coupling from higher
tube density starts to saturate as Λ0 becoming close to
d. These conclusions are corroborated by vertical scal-
ing experiments on SWNT network TFTs. We further
propose two guidelines for improving the performance of
SWNT TFTs.
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4FIG. 1: Schematic illustration of the model system. R is
the nanotube radius; the distance between each tube and the
dielectric thickness are Λo and d respectively.
FIG. 2: (a) Capacitance ratio (Ξ) calculated by FEM versus
linear SWNT densities (1/Λo) for d ranging from 5nm (filled
square), 10nm (filled circle), 20nm (filled triangle), 50nm (up-
sidedown triangle), 100nm (open square), 200nm (open circle)
to 500nm (small square). Lines are Ξ calculated according to
Eq.4 for d ranging from 5nm to 500nm, from bottom to up.
(b) Ξ calculated by FEM versus d for various 1/Λo ranging
from 1µm (black, filled square), 500nm (filled circle), 200nm
(filled triangle), 100nm (upsidedown triangle), 50nm (filled
diamond), 20nm (open circle) to 10nm (small square).Lines
are Ξ calculated according to Eq.4 for Λo ranging from 1µm
to 10nm, from bottom to up.
5FIG. 3: (a) Relative variation of Ci (∆C) induced by uneven
Λo versus d. Inset: Λo associated with each nanotube in an
array. (b) Relative difference between Ci of fully embedded
and fully exposed nanotube arrays (∆C) versus d. Solid lines
and dashed lines represent results obtained from normal (ǫr =
4.0) and high ǫr (15) dielectrics respectively. Solid circles and
squares show results obtained for Λo=100nm and Λo=10nm,
respectively.
6FIG. 4: (Part a) Drain/source current (IDS) versus gate
voltage (VGS) at a fixed drain/source bias (VDS) of -0.2 V
collected from SWNT TFTs using high density SWNT net-
work (SEM image shown in part d) with a bilayer dielectric of
3nm HfO2 layer and an overcoat epoxy layer of 10 nm (solid
line), 27.5 nm(dash line) and 55nm (dot line) thickness, or a
single layer 100 nm SiO2 (dash dot line). (Part b) IDS versus
VGS collected from SWNT TFTs using high density network
(shot dash line) and low density SWNT network (SEM im-
age shown in part e) (dash dot dot line) with a single layer
1.6µm epoxy dielectrics. Devices have channel lengths (L) of
100 µm and effective channel widths (W ) of 125µm. (Part c)
µ computed based on parallel plate and SWNT array models
for Ci (µp, solid line, and µ, dashed line, respectively).
